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͑Received 28 February 2000; accepted for publication 6 April 2000͒ We present a theoretical model and preliminary experimental results on the dielectric constant measurement of thin films by using differential time-domain spectroscopy. This technique greatly reduces the minimum measurable thickness, and it promises the dielectric constant measurement of m-thick thin films with the frequency range from GHz to THz. © 2000 American Institute of Physics. ͓S0003-6951͑00͒03922-X͔ Replacing silicon dioxide in the interlayer with low dielectric constant ͑low-͒ materials to reduce the RC time delay is a method of boosting the speed of the semiconductor device. 1 It is crucial to know the dielectric constant or refractive index and its dispersion information of such film materials in the gigahertz ͑GHz͒ to terahertz ͑THz͒ range. Conventional metrology methods have frequency limits, e.g., the low-frequency limit of a standard ellipsometry is about 20 THz and the mercury contact CV method cannot be operated with a frequency over a few megahertz.
2 Time-domain spectroscopy ͑TDS͒, employing the phase-change measurement of the electromagnetic wave traveling through the tested sample, provides a promising tool for material characterization in this frequency range. [3] [4] [5] However, due to the relatively long wavelength, the conventional TDS does not provide the sensitivity for the measurement of m-thick films. Phase measurement near the Brewster angle shows improvement, 6 but it is very time consuming to complete multiscans in the experiment. In this letter, we demonstrate a differential time-domain spectroscopy ͑DTDS͒ to determine the refractive index using the ratio of the differential amplitude to the field amplitude. The capability of measuring dielectric films with m thickness is experimentally demonstrated. Figure 1 shows the notations used in this letter. We discuss the problem in the frequency domain. E 0 () is the incident field, and E ref () and E diff () are the reference ͑with-out the film͒ and signal ͑with the film͒ field, respectively. d is the thickness of the film. n 1 , n 2 , and n 3 are the refractive indices. For a film covering on a substrate, n 1 ϭ1 ͑air͒, and n 3 is the refractive index of the substrate, while n 1 ϭn 3 ϭ1 for the case of a free-standing film. The refractive index of the film n 2 () is the quantity under measurement and usually it is frequency dependent. Its relationship with the dielectric constant ⑀ 2 () is ⑀ 2 ()ϭn 2 2 (), where is the angular frequency. During the experiment, the beam is fixed while the sample is moved in and out the THz beam. r i j and t i j represent the reflection and transmission coefficients of the i→ j interface ͑i, jϭ1, 2, and 3, and i j͒, respectively. For example, t 23 is the transmission coefficient from the film to the substrate.
The reference field can be written as
The phase in E ref () is referenced to the 1→2 interface. By considering the multireflection within the film, the field E film () after the film has the form
where ␣͑͒ is the amplitude absorption coefficient, and ␦͑͒ is the phase change of the field traveling through the film,
͑3͒
c is the speed of light in vacuum. Unlike the conventional TDS experiment, where the reference E ref (t) and the signal E film (t) are measured in the time domain, DTDS employs the reference and a differential signal E diff (t) defined as
In the frequency domain, the differential signal E diff (t) can be written as
For a thin film, dӶc/, hence ␦()Ӷ1. Under this approximation, we have In principle, both n 2 () and ␣͑͒ can be obtained by Eq. ͑6͒. For a high-quality dielectric film with a small loss tangent, the absorption can be neglected. Note that when the film thickness is very small, E diff (t) is essentially proportional to the derivative of E ref (t). There is a /2 phase difference between E diff () and
Denoting
͑7͒
Eqs. ͑6͒ and ͑7͒ lead to
͑8͒
For a free-standing film (n 1 ϭn 3 ϭ1), Eq. ͑8͒ is simplified to n 2 ͑ ͒ϭ ͱ2A ͑ ͒ϩ1 .
͑9͒
Equation ͑9͒ directly gives the refractive index n 2 () from the measured A
().
To analyze the noise, the noise percentage of 
with the film-induced phase ()ϵ͓n 2 ()Ϫ1͔d/c. By using Eq. ͑11͒, Eq. ͑10͒ can be rewritten as
When the phase change ͑͒ decreases due to the film thickness decrease, the measurement error increases, inversely proportional to the phase change. Because the measurement noise mainly comes from the differential signal E diff (), the remedy is to increase the signal-to-noise ratio ͑SNR͒ of E diff (). The differential measurement technique is ideal for this purpose. Figure 2 shows the setup for the DTDS. This setup is similar to the conventional THz system. The laser is a regenerative amplified Ti:sapphire laser ͑Coherent Rega 9000͒ which provides laser pulses with an 800 nm central wavelength, 120 fs laser pulse duration, and 250 kHz repetition rate. A 2-mm-thick ͗110͘ ZnTe crystal is used as the THz emitter via optical rectification. Part of the ultrashort laser pulse is used to generate the THz pulse. The THz pulse is collimated and refocused by parabolic mirrors, and is then coherently detected. Unlike in the conventional setup that uses a mechanical chopper to either modulate the optical pump beam or the THz beam, here the film sample ͑either free standing or on the substrate͒ is moved in and out of the THz beam by a galvanometer. The sample is located in the focal plane and is vibrated by the galvanometer at a frequency of 16 Hz. The shaking distance of about 5 mm is big enough to move the sample in and out of the THz beam completely. A lock-in amplifier synchronized to the galvanometer reference signal measures the differential signal. Free-space electro-optic sampling in cross-balance geometry is used to coherently measure the THz wave form. 8 In the experiment, both the differential wave form E diff (t) and the original reference E ref (t) are measured under the same conditions, except when E ref (t) is measured, the dielectric film is replaced by an aluminum foil that blocks the THz beam completely. The differential signal reduces the common noise, and the SNR is much greater than that in the conventional TDS measurement. Figure 3 plots the reference wave form and the differential wave form for a free-standing parylene-N ͑Pa-N͒ film with a thickness of 1.8 m, the differential signal is much smaller than the reference signal but is still measured with a good SNR. Figure 4 shows the calculated refractive index from the data in Fig. 3 by using Eqs. ͑7͒ and ͑9͒. Results from four repeated measurements are shown in Fig. 4 , the height roughly represents the measurement-to-measurement error. With the conventional TDS, it is nearly impossible to measure such a thin film. For example, at 1 THz, ϭ0.004 rad, according to Eq. ͑12͒, this gives ␥Ϸ355␥ ref .
Even for a small ␥ ref ϭ1%, we still have ␥ϭ3.55. As a comparison, the differential wave form measured by the DTDS method, the reference and signal wave forms by the conventional TDS method, as well as the difference between the two repeated reference wave forms, are plotted in Fig. 5 . The noise is much bigger in the conventional TDS method ͑top and middle curves͒, information on n 2 () cannot be obtained.
With the conventional TDS, ␥ diff () cannot be reduced by increasing the dynamic range of the reference signal because the increase of the dynamic range does not decrease ␥ ref ( The higher the dynamic range of the system, the stronger the difference signal E diff (t). Thus, the minimum measurable thickness of a free-standing film depends only on the system dynamic range. For a film on the substrate, the minimum measurable thickness depends on the uniformity of the substrate, too. If the substrate is not uniform, it also contributes to the differential signal. For a THz system with an amplified laser, the dynamic range can be greater than 1 million, 9 hence, the uniformity of the substrate is the ultimate factor that limits the minimum measurable thickness.
With conventional TDS, it is even harder for the lowfrequency measurement because the phase change ͑͒ is very small. For instance, for 100 GHz, the wavelength is 3 mm. If the film thickness is 10 m, the phase change is only a 1/600 wavelength with a refractive index of 1.5. Even if there is no noise at all, to obtain such a small phase change at such a low frequency, a fine step size ͑much less than 10 m͒ and a long scanning range ͑much larger than 3 mm͒ are required, leading to a very long measuring time. With DTDS, the phase change is obtained by the relative amplitude ratio E diff ()/E ref (), the step size is determined only by the Nyquist sampling theorem.
In conclusion, we demonstrated the dielectric constant measurement of thin films by using differential time-domain spectroscopy. We present the theoretical model and preliminary experimental result. This technique greatly reduces the minimum measurable thickness, and promises dielectric constant measurement of submicron film at a frequency below 10 GHz.
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